UNITED STATES PATENT APPLICATION 



ELEFTERIOS LIDQRIKIS 
MARIN SOLJACIC 
MIHAI IBANESCU 
YOEL FINK 
and 

JOHN D. JOANNOPOULOS 



for 



GAP-SOLITON DEVICES IN PHOTONIC CRYSTAL FIBERS 



5 



GAP-SOLITON DEVICES IN PHOTONIC CRYSTAL FIBERS 
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This application claims priority from provisional application Ser. No. 60/414,768 
filed September 30, 2002, which is incorporated herein by reference in its entirety. 



BACKGROUND OF THE INVENTION 

The invention relates in general to gap-solitons, and in particular to the formation 
of gap-solitons using photonic crystal -fibers. 
10 The amount of digital data transported around the globe grows rapidly every year. 

Whenever large amount of data has to be transferred, or whenever the data needs to be 
transferred across large distances, optical fibers are the preferred medium for 
transportation, due to their low losses, and high capacity. A single optical fiber (whose 
core is less than lOum in diameter) has been demonstrated to transmit more than 
1 5 lTbit/sec, with losses less than 0.2dB/km. 

By the same token, this large amount of data needs to be processed. Currently, 
the capacity of an optical fiber is split between many channels, each of them carrying 
lOGbit/sec or less. Since each of the channels needs a separate set of components to 
operate, the tendency of the industry has been to aim at higher and higher bit rates, thus 
20 reducing the number of components in the system. Bit rates higher than 1 OGbit/sec have 
been demonstrated experimentally but are not yet used commercially. The reason for this 
is that reducing the number of components is beneficial only if the higher bit rate 
components are of sufficiently lower price. For example, using 40Gbit/sec components 
instead of lOGbit/sec components is beneficial only if the price of the 40Gbit/sec 
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components is less than 4 times as high as the pace of those operating at lOGbit/sec. 
Unfortunately, 40Gbit/sec components are not yet commercially competitive. 

To perform almost any kind of operation on optical signals today (wavelength 
conversion, pulse regeneration, bit-rate conversion, logic operation, etc.) the signals first 
5 need to be converted to the electronic domain. Unfortunately, there are fundamental 
physical reasons that prevent electronics from operating well at high frequencies. As a 
result, the price of electronic components grows rapidly when higher bit-rates are needed. 
At 40Gbit/sec (which corresponds to operating frequency of roughly 100GHz) there are 
no commercially satisfactory products today. Consequently, using all-optical signal 
1 0 processing becomes rapidly more and more appealing. 

Since the signal processing needs to be done on ultra-fast scales, the only 
mechanism at disposal is to exploit a material's optical non-linearities. Most of the 
research in the area of all-optical devices today is in high-index-contrast integrated 
optics. Such devices suffer from large losses due to roughness at the surfaces of their 
15 waveguides, are highly polarization sensitive, and it is extremely difficult to couple light 
into them. Furthermore, since they are built using lithography, production typically 
involves large and very expensive semiconductor fabrication facilities. 

Using in-fiber all-optical devices would solve all the problems mentioned^ the 
previous paragraph. Silica fiber non-linearities are very low since the Kerr coefficient is 
20 very small (2.6x1 (r 2 V/W), and since the modal area is large (100-lOum 2 ). As a result, 
a typical telecomm signal (5mW peak power per channel, immediately after amplifiers) 
needs to be propagated for very long distances before the non-linear effects become 
" noticeable. Recently, a new type of fiber (called OmniGuide fiber) has been proposed. 
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Materials used in this fiber have Kerr coefficients 100-1000 times higher than in silica. 
Furthermore, since this is a high-index contrast fiber, modal areas can be 1000-100 times 
smaller. Consequently, the non-linear response of these fibers is 4-6 orders of magnitude 
better than in silica fibers, making them an ideal non-linear medium. 

Previous experimental work on gap-soliton properties and all-optical switching 
operation include Fiber Bragg gratings. They utilize a weak index grating written in the 
core of an optical fiber. It can be used for almost all nonlinear phenomena and devices. 
However, because of the weak grating (necessary in order to minimize scattering losses) 
the spectral content of the" gap is very" small. ' Combining this with the very small 
10 nonlinear coefficients of silica, enforces the need of many grating periods for the 
nonlinear effect to build-up and induce switching. Typical fiber lengths in such 
experiments are 1-10 cm, and require light powers of 10-30 GW/cm 2 . 

The use of integrated multilayer heterostructures was integral in earlier work of 
gap-solitons. Typically, the multilayer heterostructures utilize an AlGaAs Bragg grating 
15 heterostructure. They all generally have a small spectral gap (<1 nm), but greatly vary in 
the reported device size (ranged from 5 urn to 5 mm) and in operation power (lkW/cm 2 
to lGW/cm 2 ). Basic drawback is that production typically involves large and very 
expensive semiconductor fabrication facilities. 

In both Bragg fibers and multilayer heterostructures, the grating provides the 
20 necessary spectral gap (i.e. frequency regions where waves cannot propagate) in order to 
observe gap-soliton Instability. However, it is the grating as well that introduces the 
restrictions of small spectral gap, long device sizes, expensive fabrication facilities etc. In 
" order to circumvent the grating, we have to find other ways to induce a spectral gap for 
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propagation. 

There are many ways to induce such a change to the propagation properties of a 
photonic crystal fiber, and if done properly, they should all produce the desired effect. 
One efficient way would be by introducing a constriction on part of the fiber's length. 
5 Constricted photonic-crystal-fiber devices have been demonstrated with the Holey fiber. 
It was used to just locally reduce the modal area and thus enhance the nonlinear effect. In 
other cases it was engineered so that the modal area extended inside the cladding where it 
interacted with suitably placed micro-fluids inside the cladding holes. 

Many device operations were demonstrated, even generation of soliton trains. 
10 Such soliton trains can easily appear in Kerr media, but are not gap-solitons, which are 
essential for the bistable operation. If the constrictions are chosen carefully having in 
mind the creation of a spectral gap for propagating guided modes, then gap-solitons are 
possible. 

15 SUMMARY OF THE INVENTION 

According to one aspect of the invention, there is provided a gap-soliton structure. 
The gap-soliton structure includes a cladding structure having alternating layers of 
different index values. A core region is interposed between the alternating layers of 
index values. The core or the cladding structure includes one or more nonlinear materials 
20 so as to achieve gap-soliton bistability. 

According to another aspect of the invention, there is provided a method of 
forming a gap-soliton structure. The method includes forming a cladding structure 
" having alternating layers of different index values. Also, the method includes forming a 
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core region that is interposed between the alternating layers of index values. 
Furthermore, the method includes providing in the core or the cladding structure one or 
more nonlinear materials so as to achieve gap-soliton bistability 

According to another aspect of the invention, there is provided a gap-soliton 
5 structure. The gap-soliton structure includes a cladding structure having alternating 
layers of different index values. A core region is interposed between the alternating 
layers of index values. Either the core or the cladding structure is indicative to enhancing 
the gap-soliton bistability of the structure. 

According to yeranother aspect of the invention, there is provided a method of 
10 forming a gap-soliton structure. The method includes forming a cladding structure 
having alternating layers of different index values. Also, the method includes forming a 
core region that is interposed between the alternating layers of index values so that either 
the core or the cladding structure is indicative to enhancing the gap-soliton bistability of 
the structure. 

15 

TVRTF.F DESCRIPTION OF THE DRAWINGS 

FIGs. 1A-1B show the cross sections of two photonic crystal fibers: a Holey fiber, 
shown as FIG. 1 A, and an OmniGuide fiber, shown as FIG. IB; 

FIG. 2 is a schematic block diagram of a 2D representation of the OmniGuide 
20 fiber gap-soliton device where part of the linear core has been replaced by a non-linear 
core of length L; 

FIG. 3A is a band structure corresponding to FIG. 2 displaying the single mode 
" operation of the fiber of FIG. 2; FIG. 3B is a low intensity transmission diagram 
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corresponding to FIG. 2 when replacing part of the core with a nonlinear material of 
lower index; 

FIG. 4A is a graph in gray-scale of the transmission coefficient (white is high) 
shown as a function of frequency and of transmitted amplitude; FIG. 4B is a graph of the 
5 corresponding transmission vs input for a frequency of ««/2 ^=0.2623; FIG. 4C is a 
graph of the intensity distribution plotted along the active core for the case of 100% 
transmission shown in FIG. 4B; FIG. 4D is a graph plotting the frequency dependence of 
the switch-up and switch-down powers; 

FIG. 5A is a graph : plotting the transmission vs input power for a system with 
10 L=5a, as calculated numerically in time domain simulations; FIG. 5B is a graph of the 
actual electric field plotted at a monitor point beyond the active core, exactly at the 
switch-up point indicated by the right arrow in FIG. 5A; 

FIG. 6A is a graph of the transmission vs input shown for an L=8a system and the 
same operating frequency as for the L=5a system of FIGs. 5A-5B; FIG. 6B is a graph of 
15 the field at a monitor point beyond the active core is plotted, exactly at the switch-up 
point indicated by the right arrow in FIG. 6A; 

FIG. 7 is a graph of the operating power, maximum index change within the 
nonline-core, and bandwidth, as a function of the size of the active-core; 

FIGs. 8A-8B are schematic block diagrams demonstrating an alternative 
20 embodiment of the invention by using the cladding instead of the core; and 

FIG. 9 is a schematic block diagram demonstrating the use of an external source 
to change the effective index of the cladding to accomplish properties of the invention. 
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jyyjW un TmSCRIPTIO" OF TTTR INVENTION 

The invention is an all-optical switching device based on gap-soliton generation 
in photonic crystal fibers. These gap-solitons do not require a Bragg grating, thus 
significantly reducing implementation requirements. The large spectral dispersion and 
5 small modal area of the device also reduces the size, power, and speed requirements, 
making it ideal for all-optical signal processing. 

In particular, the invention uses a gap-soliton that can be excited in non-linear 
photonic crystal fibers and is demonstrated in an embodiment involving the OmniGuide 
fiber. Gap solitons can 'tt&tf to implement many all-optical operations including all- 
10 optical logic, pulse regeneration and reshaping, creation of ultra-narrow pulses starting 
from continuous wavelength (CW) signals, etc. Since they are implemented in a highly 
nonlinear Omn.Guide fiber, observing them requires much lower power levels than in the 
usual silica fibers. Furthermore, the new characteristic of the gap solitons that are 
presented here is that they do not require a periodic modulation (like in a Bragg fiber) 
15 along the propagation direction in order to exist. This characteristic significantly reduces 
implementation requirements. Moreover, the effective gap that is opened in this manner 
is potentially much larger than in silica fibers (typically smaller than 0.1%), so the length 
of the device is significantly reduced. Finally, the concepts of the invention can be 
implemented in almost any kind of photonic crystal fiber, and are thus of wide 
20 applicability. 

FIGs. 1A-1B show the cross sections of two photonic crystal fibers: a Holey fiber 
10, shown as FIG. 1A, and an OmniGuide fiber 12, shown as FIG. IB. These fibers 
" consists of a core 1 1, 14 and a cladding, which is a 2D hexagonal array of holes 12 in the 



Holey fiber case and alternating high and low index layers 15, 16 in the OmniGuide fiber 
case. The cladding acts as a Bragg reflector confining the light into the core. 

The invention can be implemented in either fiber or any other type of photonic 
crystal fiber, but it suffices to demonstrate it in an embodiment involving the Omniguide 
5 fiber (2D representation), which is shown in FIG. 2. Such a simplified system yields all 
the physics of the full 3D structure providing excellent estimates for the power and 
bandwidth requirements, while in the same time it substantially reduces computational 
requirements. For simplicity, this 2D structure is analyzed. 

The invention requifes the fiber to support a single guided mode. The set of 
10 parameters that are chosen are » r 1.5, "2=2.8, n core =1.9, JH>.7, d 2 =03, d C0te =\2, 
a=d x +d 2 and the corresponding band structure displaying the single mode operation is 
shown in FIG. 3A by curve 32. In order to achieve gap-soliton-mediated bistable 
behavior, a highly-dispersive nonlinear region (Kerr-type: n nl =«o+n 2 |E| 2 ) is needed in the 
core, such that it prohibits propagation for some frequencies (band-gap condition) at low 
15 light intensities (where „ n f*o), but it may allow it at higher light intensities. Up to now, 
such behavior was only attributed to nonlinear Bragg gratings. In this case, it is achieved 
very simply by replacing part of the core (say of length L along the guiding direction) 
with a nonlinear material of lower index (» 0 <"core), as shown in FIG. 2. For the case 
no=1.6 and n 2 =0.625, the corresponding low intensity band diagram for the replaced part 
20 is shown in FIG 3A by the curve 34. This will be the "active core", while the rest will be 

labeled as the "inactive core". 

For low intensity and earner frequencies below the active-core cutoff 
• (aw/2^0.26215), but still above the inactive-core cutoff (^/2^0.24353), light will 
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be strongly reflected. The band-gap condition necessary for bistable switching is 
achieved in a uniform region. This remarkable property is inherent in OmniGuide fibers, 
and it is because of their corresponding guided mode band structure: as k-+0 and 
«>->«W, the group velocity v G ->0, while below «Wr, the propagation constant k 
5 becomes imaginary. This provides a great advantage over Bragg grating fibers because 
of its relative ease of fabrication and tunability through changing the size L and/or linear 
index no- Similar behavior is also expected in other types of photonic crystal fibers, thus, 
the invention can also be expected to work in those systems as well. 

The low intensity" tfansinission coefficient vs frequency is shown in FIG. 3B for 
10 an active-core length of L=5a (open circles). Notice the sharp transmission drop below 
the active-core cutoff and the high-transmission resonant structure above it. The larger L 
is, the more structure that is above the cutoff and the sharper the transmission drop below 
it. The structure at low frequencies is related to light coupling out of the core and into the 
cladding modes that exist at larger wave vectors, thus contributing to an overall nonzero 
15 transmission. This, however, does not come into contradiction with the band-gap low- 
transmission requirement, since no radiation is actually going through the active core, 
which is the basic requirement for gap-soliton Instability. Furthermore, this cladding- 
mode transmission can be reduced and eventually go to zero as « 0 -»W where the 
modal patterns of the two core regions become identical and so scattering into the 

20 cladding modes gets minimized. 

Gap soliton bistability is favored at frequencies just below the active-core cutoff. 
In order to get some insight for the inventive system and explore the vast parameter 
• space, an easily tractable equivalent ID Nonlinear Transfer-Matrix model is created. The 
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system is split into a large number of slices, within which two counter-propagating waves 
are assumed as the solution. If the 2D dispersion relations (FIG. 3 A) are fitted to a form 
c*=ao+c£, which is actually an excellent fit, then the propagation constant of these 
waves at some input frequency a> is k=[{oo»-Scoya] m , where ^rf) « 
5 calculated from simulations of the full 2D (or 3D) system. The total solution is found by 
matching the boundary conditions at each slice interface, starting from the output where 
only the transmitted wave is present, and working backwards to finally get both the 
incident and reflected waves. 

The resulting low Intensity (Soj=0) transmission coefficient predicted by this 
10 model is shown by the line 30 in FIG. 3B. The agreement is excellent except at low 
frequencies where the coupling to the cladding modes occurs. This coupling is not taken 
into account by the ID model, which describes only the radiation going through the 
active region. Agreement between the ID model and 2D simulation for those frequencies 
is improved as n^n COK . The part of the radiation that goes through the active core, 
15 however, is the one responsible for the nonlinear bistable response, and as it will be 
shown later is very well described by the ID model. 

The ID model is used to get some insight on the fiber's nonlinear response. An 
active region of 1=20* is chosen. In FIG. 4A, a gray-scale of the transmission coefficient 
(white is high) is shown as a function of frequency and of transmitted amplitude. At low 
20 intensities, the transmission structure described in FIG. 3B is recovered (with more peaks 
since here L=20a). At higher intensities this structure shifts towards lower frequencies 
(n 2 is positive, and 5da> «-Sn/n). If an operating frequency is chosen below the cutoff 
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(first white line), then at low incident power there is low transmission, but at some higher 
incident power perfect transmission is achieved. 

The corresponding transmission vs input diagram for a frequency of 
«i/2«-0.2623 is shown in the FIG. 4B. This is a characteristic bistable response. At 
5 low input powers, the transmission is very low. As the input is increased, the 
transmission is also increased. At some specific input, the diagram folds back. This 
negative-slope-branch of the transmission diagram is unstable and unphysical, in reality 
the response makes a discontinuous jump (along the arrow) to a stable, high transmission 
branch. Once there, if the input is decreased/ the discontinuous jump back to the low 
10 transmission branch is not going to happen at the same input, but rather at a lower input 
along the arrow pointing down. If an operating power is chosen between the arrows (the 
switch-up and switch-down power) then both transmission states are possible. Which 
one is actually the operating one depends on the history of the system, thus creating a 
bistable device suitable for applications such as switches, memory-elements, pulse 

1 5 regeneration, or the like. 

The mechanism behind this bistable response is the creation of a stationary gap- 
soliton. In FIG. 4C, the intensity distribution is plotted along the active-core for the case 
of 100% transmission shown in FIG. 4B. The maximum index change occurs at the tip of 
the soliton and is <5n/n=0.004, which is within the material limits. Because of this index 
20 change, this region allows and/or enhances propagation. The incident radiation couples 
with the gap-soliton and tunnels through the active-core. 

The remaining question is how do the switch-up and switch-down powers change 
" with frequency. It is expected that the closer the frequency is to the resonance, the lower 
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the necessary index change required to induce Instability, and thus the lower the power 
requirements for switching (up to a cutoff at which switch-up and switch-down powers 
become equal and thus the width of the bistable loop becomes zero). In FIG. 4D, the 
frequency dependence of the switch-up and switch-down powers is plotted. It is seen that 
5 they become smaller and closer together as the frequency approaches the cutoff. Beyond 
that, a new bistability loop opens up, resulting from the shift of the second transmission 
resonance. Actually, there may be cases were the two loops overlap creating 
multistability, i.e., at a certain input power there may be three or more stable transmission 
branches. In most cases, frowever, they are unstable and fall into the pulsing regime. The 
10 desire is to fine-tune the invention parameters so as to minimize the switch powers and 
the maximum index change and in the same time maximize the operational bandwidth. 

The finite-difference-time-domain (FDTD) method is used in order to simulate 
the actual temporal full-nonlinear response of the invention. This FDTD method 
provides an exact solution to the full nonlinear time-dependent Maxwell equations for the 
15 system in question. It has been used extensively by engineers for almost 30 years, and it 
has been shown, in all cases tested, to faithfully reproduce all experimental data. As 
such, it provides a valuable and highly unstable tool for simulating the actual 
performance of the proposed device. 

A CW input is used in all cases. There exist two different types of temporal 
20 response: a) steady-state bistability via gap-soliton formation and b) pulsating via 
creation and propagation of solitons. The later can not be described by an out model, 
which is time-independent, but the power levels at witch it is observed are predicted 
- accurately. This type of dual response is very similar to what was observed in nonlinear 
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gratings. It is, however, unique for the inventive system, since no index variation is 
necessary to achieve it. Both operations have extremely important applications. 

In FIG. 5A, the transmission us input power is plotted for a system with I=5a, as 
calculated numerically in time domain simulations. The line 50 is the response predicted 
5 by the ID model. The only place of disagreement is at low intensities, which is, as 
explained before, due to the coupling to the cladding modes. As suggested, though, it 
does not hurt the bistability predictions of the presently used model. Assuming a CW 
operating power of 0.5 (in the arbitrary units shown in FIG. 5A), such a device can work 
as a switch able to be Wed- oh (high transmission) and off (low transmission) by 
10 external, all-optical means, such as control pulses, sudden variations of the CW 

amplitude, or the like. 

Such operations have been described before in nonlinear gratings. The invention 
is, however, far superior from anything proposed before for three reasons. The first 
reason is the device length requirements. The spectral gap in experimentally achievable 
15 nonlinear grating fibers is created by small index modulations along the fiber length. As 
such it is narrow (<1%) and shallow, and a great device length Hem) is necessary in 
order to observe switching. High-index-modulation nonlinear Bragg-grating gap-soliton 
devices could provide the necessary width and depth for the spectral gap, but their 
implementation is difficult. The inventive fiber needs no index modulation and yet the 
20 spectral gap opened is large, and most importantly, deep, maximizing dispersion (steeper 
band edge) and thus reducing the device size. 

The second reason the invention is superior over the prior art is the low power 
" requirement. Switching is the result of the intensity-dependent frequency shift of a 
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transmission resonance into the gap where it overlaps with the operating frequency (see 
FIGs. 4A-4D). The closer the operating frequency is to the transmission resonance, the 
smaller the necessary frequency shift and thus the index change, reducing the requfred 
operating power. Since an initial low-transmission state is required, the steeper the 
5 transmission curve is at the band edge (see FIG. 3B), the closer the operating frequency 
can be tuned to the resonance while a low-transmission state is maintained. Combining 
this effect with the highly nonlinear matenals used in OmniGuide fibers may result in 
significant decrease of the power requirements. 

The third reasori-the invention is superior over the prior art is because of its 
10 fabrication requirements. By only replacing part of the core with an active one, the 
invention easily achieve what careful and delicate experimental procedures can only hope 
to achieve in other systems. This is due in part to all grating structures needing index 
variations of the order of the wavelength, while the inventive structure has an index 
variation of the order of L, which is at least an order of magnitude larger. Thus, the need 
15 for expensive semi-conductor fabrication facilities is eliminated. 

In FIG. 5B, the actual electric field is plotted at a monitor point beyond the active 
core, exactly at the point of the discontinuous transmission jump. The initial fluctuations 
after the jump are because of the dumped oscillations the gap-soliton undergoes within 
the active core on its way to reach equilibrium. This transient time is a measure of the 
20 response (switching) time of the inventive device and is of the order of 200 periods (for 
X=1.55um, this time is about 1 ps, i.e. processing speed ITHz). A similar plot (but 
inverted and with less fluctuations) is obtained for the field at the switch down point. 
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In FIG. 6A, the transmission vs input diagram is shown for an L-Za system and 
the same operating frequency as for the system of FIGs. 5 A-5B. The curve 60 is 
the current model's prediction. The noisy transmission data at the upper branch are 
indicative of a pulsating response. While the model is incapable of such a complex 
5 description, it provrdes accurate predictions for the power levels a. whrch switching from 
one state to the other happens, as well as the average power transmitted at the pulsating 
operating state. 

In FIG. 6B, the field at a monitor point beyond the active-core is plotted, exactly 
at me switch-up point ufflMe* by me right arrow in FIG. 6A. This complex behavior 
,0 occurs because the input power is enough to create a soliton and switch the system to a 
higher transmission state, as predicted by the model and as seen before, but, however, this 
soliton is no, stable. While in the steady-state case, the soliton initially fluctuates and 
then reaches equUibrium, here 1, can no. find this equilibrium and eventually it gets 
transmitted on, of the active-core. Then a new soliton is created which again is unstable 
,5 and gets tiansmhted out. The result is a periodic bain of solitons, i.e. short-duration 

high-amplitude pulses. 

In this case, the peak intensity of each pulse is about 10 times larger than that of 
an equivalent transmitted CW. The duration of each pu.se is about 20 periods and the 
pulses appear at a frequency of about 100 pertods (for W.H pm mis is a duration of 
20 about 100 fs every 500 fs). While this may not be the state-of-the-art compared to 
modem pulsed-mode-operation lasers, it constitutes the simplest and cheapest way to 
achteve pulsed-mode-operation. Simtlar systems in nonlinear gratings need hrgher 
' operating powers and much more expenmental care than the proposed system. Another 



16 



great advantage here is tunability: externally tuning (e.g. through temperature) the system 
parameters can give great control over the duration and period of the pulses. 

The two very important applications for the proposed structure: a) steady-state 
bistability for high speed all-optical switching and memory, and b) pulsed for ultra-short 
5 pulse tram generation from a CW input, have been analyzed. Changing from one 
operation mode to the other is just a matter of adjusting the device's parameters. From a 
senes of time-domain simulations, one may deduce the following general rule of thumb: 
if the predicted upper-branch at the switch-up point is a high transmission state (> 90%, 
usually achieved when swftMp and switch-down powers are close to each other), the 
10 created gap-soliton will be stable and so the response will be steady-state, otherwise the 
response will be pulsed. The invention may be tuned in two ways, either so that it can 
strictly work in one operation mode only, or tuned so that it can work in both. In the later 
case, switching from one operation mode to the other could be achieved by external 
means such as temperature, applied stress, or the like. 
15 In FIG. 7, the three quantities of interest are plotted, namely the operating power, 

maximum index change within the active-core, and bandwidth, as a function of the size 
of the active-core. Since the order of magnitude estimates are needed, the ID model's 
predictions are adequate. Note that as the inventive' device length (i.e. the actives-core's 
size) increases, the operating power and the maximum index-change within the active- 
20 core drop exponentially. Unfortunately, in the same time the available bandwidth drops 
as well. It is found that an optimal solution for the device length is 10 urn, for which the 
operating power is -750 mW, the maximum index change within the active-core is 
• &/„~0.001, well within material capabilities, and the operational bandwidth is 
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&MOGHZ. These numbers can be toner improved by optimizing the system's 
parameters, such as index contrasts, layer thickness, or the like. 

As discussed herein, the invention includes an embodiment having a particular 
configuration where a par, of .he core is rep.aeed by materia, with different linear and 
5 nonlinear properties, as shown in FIG. 2. The basic requirements for mis guided mode to 
actneve bistabUity are a) the corresponding guided frequences are higher than those of 
the actual core creating an effective spectral gap, and b) it does not become index guided. 

It is possrble to achieve these desired properties with several drfferent 
embodunents, each provBmg an advantage over the others to terms of the materials used 
,0 or with the ease of the experimental procedure. Some of those are shown in FIGs. 8A- 
8B. Instead of having a highly nonlinear matenal 80 in the core, one can take advantage 
of the higher nonlinear coefficents of the high-index layers 82 in the cladding (.he modal 
area extends in them anyway) to induce .he requhed intensity dependent frequency shift, 
as shown in FIG. 8A. Furthermore, one can all-together avoid altering the core and work 
15 exclusively with the h,gh-,ndex layers 84 in the cladding for creating both the spectral 
gap and the nonlinear shift, as shown in FIG. 8B. Different settings will have the same 
basic operation and a. most they will differ in their power and bandwrdth requirements. 

The structures depicted in FIGs. 8A-8B can be eas.ly realized by external means 
as well using the effective refractive index changes induced by light, heat, strain etc., as 
20 shown to FIG. 9. Alternatively, since such external means can induce changes to the 
device's operation, the present invention can be efficiently used as a sensor dev,c=. 
Depending on the actual needs, the reverse setting is also possible, i.e., the "active" par, 
90 being screened while me rest of the fiber is externally modified. This prov.des a high 
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degree of external control and tunability for the structure. The continuous fabrication 
mode for the fiber makes this a very attractive solution for cheep and tunable all-optical 
devices. 

Although the present invention has been shown and described with respect to 
5 several preferred embodiments thereof, vanous changes, omissions and additions to the 
form and detail thereof, may be made therein, without departing from the spirit and scope 

of the invention. 

What is claimed is: 
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